Introduction
============

Metallic nanoparticles (NPs) have attracted the attention of the scientific community and technologists due to their ever-emerging, numerous, and fascinating applications in various fields, including biomedical sciences and engineering.[@b1-ijn-8-1507]--[@b3-ijn-8-1507] For instance, the unique optoelectronic and physicochemical properties of metal NPs have already been successfully exploited for the purpose of drug delivery,[@b4-ijn-8-1507] tissue/tumor imaging,[@b5-ijn-8-1507] biosensing,[@b6-ijn-8-1507] catalysis,[@b7-ijn-8-1507] and surface-enhanced Raman scattering-based sensors.[@b8-ijn-8-1507] The commonly employed methods for the synthesis of metallic NPs involve toxic chemicals, hazardous conditions, and costly apparatus. In comparison, the green synthesis of metallic NPs involves biocompatible ingredients under physiological conditions of temperature and pressure. Moreover, the biologically active molecules involved in the green synthesis of NPs act as functionalizing ligands, making these NPs more suitable for biomedical applications.[@b9-ijn-8-1507] Therefore, the development of such protocols to synthesize nontoxic metal NPs is currently of great interest and there is thus a demand for biosynthetic or green methods for this purpose.[@b10-ijn-8-1507]

Several methods have been used for the green synthesis of NPs using various biological materials as reducing agents such as microorganisms, marine organisms, micro-fluids, and plant extracts.[@b11-ijn-8-1507]--[@b14-ijn-8-1507] Among the most important bioreductants are plant extracts, which are relatively easy to handle, readily available, low cost, and have been well explored for the green synthesis of other nanomaterials.[@b15-ijn-8-1507]--[@b19-ijn-8-1507] Various types of metallic NPs have already been synthesized using plant extracts.

Silver (Ag) in the nanoscale form exhibits remarkably unusual physicochemical and biological activities, thus has been widely applied in the health care sector.[@b20-ijn-8-1507],[@b21-ijn-8-1507] In particular, the outstanding antimicrobial properties of Ag NPs have led to the development of a wide variety of nanosilver products, including nanosilver-coated wound dressings, contraceptive devices, surgical instruments, and implants.[@b22-ijn-8-1507],[@b23-ijn-8-1507] Apart from these antimicrobial activities, Ag NPs are also known to possess antifungal, anti-inflammatory, antiviral, anti-angiogenesis, and antiplatelet properties.[@b24-ijn-8-1507]--[@b26-ijn-8-1507] Additionally, more recent developments have seen Ag NPs used in room spray, laundry detergent, and wall paint formulations as well as in the textile industry for clothing manufacturing.[@b27-ijn-8-1507]--[@b30-ijn-8-1507]

The fascinating properties of Ag NPs mostly depend on the size and shape of the NPs. It has also been widely reported that less aggregated, small, and spherical-shaped Ag NPs have proven more effective for most applications than Ag NPs with other morphologies.[@b31-ijn-8-1507]--[@b33-ijn-8-1507] Over the years, several studies have been published regarding the green synthesis of Ag NPs with attention paid to controlling the size and shape of the NPs and using plant extracts as reducing agents.[@b34-ijn-8-1507]--[@b36-ijn-8-1507] For example, one study examined polydispersed spherical Ag NPs of different sizes ranging from 5 to 100 nm, which were obtained using aqueous coffee and tea leaf extracts, while another study looked at the leaves of different tea species for a similar purpose.[@b37-ijn-8-1507],[@b38-ijn-8-1507] Apart from the leaf, extracts of several other parts of various plants have also been tried as bioreductants for the preparation of Ag NPs, including the tuber of *Curcuma longa* in powdered form,[@b39-ijn-8-1507] coir of *Cocos nucifera*,[@b40-ijn-8-1507] root of *Morinda citrifolia*,[@b41-ijn-8-1507] berry of *Solanum xanthocarpum*,[@b42-ijn-8-1507] fruit of *Terminalia chebula*,[@b43-ijn-8-1507] and stem bark of *Callicarpa maingayi*.[@b44-ijn-8-1507] Additionally, in many other cases, various small whole plants have been used to synthesize Ag NPs.[@b45-ijn-8-1507],[@b46-ijn-8-1507]

In the present study, we used the extract of *Pulicaria glutinosa*, which was collected from local fields in Saudi Arabia as part of our research on Saudi Arabian plants for the development of products with potential economic value.[@b47-ijn-8-1507],[@b48-ijn-8-1507]*Pulicaria* is a relatively large genus of plants belonging to the tribe Inuleae of the daisy family Compositae. It comprises about 100 species distributed from Europe to North Africa and Asia, particularly around the Mediterranean.[@b49-ijn-8-1507] Many plant species of the genus *Pulicaria* are used in traditional herbal medicines around the world for various purposes such as inflammation, diarrhea, dysentery, back pain, intestinal disorders and menstrual cramps.[@b50-ijn-8-1507] Further, several of the organic compounds present in *P. glutinosa* plant extract (which were identified via detailed spectroscopic analysis of the plant extract; data to be published elsewhere) contain a large number of phenolic groups, which are known to play a vital role in the reduction of Ag^+^ ions.[@b51-ijn-8-1507]

Herein, we report on the green synthesis of Ag NPs via the reduction of Ag ions using an aqueous extract of *P. glutinosa* plant ([Figure 1](#f1-ijn-8-1507){ref-type="fig"}). During the study, a detailed analysis was undertaken of the effects of the concentrations of the reactant (silver nitrate \[AgNO~3~\]) and reductant (extract of *P. glutinosa*) as well as the effects of the reaction temperature on the size and morphology of Ag NPs. The as-prepared Ag NPs were characterized using various microscopic and analytical techniques including X-ray powder diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), ultraviolet--visible absorption (UV-Vis) spectroscopy, and transmission electron microscopy (TEM).

Materials and methods
=====================

Materials
---------

The whole plant of wild growing *P. glutinosa* was collected from the hilly area of Al-Hair in central Saudi Arabia during March 2011. The identity of the plant material was confirmed by a plant taxonomist from the Herbarium Division of the College of Science, King Saud University, Riyadh, Kingdom of Saudi Arabia. A voucher specimen was deposited in our laboratory as well as in the Herbarium Division of King Saud University with the voucher specimen number KSU-21598. AgNO~3~ (99.8%) was purchased from Sigma-Aldrich (St Louis, MO, USA).

Preparation of plant extract
----------------------------

The aerial parts of freshly collected *P. glutinosa* plants were chopped into small pieces. The resultant pieces (245.0 g) were soaked in deionized water (2500 mL) and refluxed for 3 hours. The aqueous solution obtained after reflux was filtered and dried at 50°C under reduced pressure in a rotary evaporator to give a powder of dark brownish color (17.20 g). A small amount of the powdery extract (0.1 g/mL) was used for the synthesis of Ag NPs.

Synthesis of Ag NPs
-------------------

The reaction mixture was prepared by adding 1 mL of the plant extract to 99 mL of 1 mM AgNO~3~ (169.87 mg) solution in a 250 mL round-bottom flask, which was mounted with a cooling condenser and magnetic stir bar. The mixture was allowed to stir for 2 hours at 90°C (immediate color change was observed from light yellow to dark brown, and thereafter no further color change was observed even after 2 hours). After 2 hours, the mixture was allowed to cool down before being centrifuged. The centrifugation was performed at room temperature and a speed of 9000 rpm. After washing three times with distilled water, a black powder was obtained that was dried overnight in an oven at 80°C.

To elucidate the effects of the plant extract, various experiments were carried out by mixing 1.0, 2.5, 5.0, 7.5, and 10 mL aqueous solutions of plant extract and 1 mmol of AgNO~3~ (169.87 mg) in respective amount of Milli-Q water to make a total volume of 100 mL. Similarly, for AgNO~3~, the quantity of plant extract was kept constant at 7.5 mL, but the amount of AgNO~3~ was varied in each experiment (1.0, 2.5, and 5.5 mmol). All experiments were carried out at 90°C, except those that were carried out at room temperature (RT) to study the effect of temperature on the synthesis of NPs.

Characterization of NPs
=======================

UV-Vis spectroscopy
-------------------

A Lambda 35 UV-Vis spectrophotometer (PerkinElmer, Waltham, MA, USA) was used to conduct optical measurements. The analysis was performed in quartz cuvettes, using distilled water as a reference solvent. The samples for the ultraviolet (UV) measurements of crude mixture were prepared by diluting 1 mL of mixture (collected at the end of reaction) in 9 mL of water and sonicating for 15 minutes. Pure Ag NP samples for UV-Vis analysis were prepared by diluting 2 mL of pure Ag NP stock solution in 8 mL of water. The stock solution was prepared by dispersing 5 mg of Ag NPs in 5 mL of water and sonicating for 1 hour.

XRD
---

XRD patterns were obtained on an Ultima IV X-ray powder diffractometer (Rigaku, Tokyo, Japan) using Cu Kα radiation (λ = 1.5418 Å).

TEM and EDX
-----------

TEM and EDX was performed on a JEM 1101 transmission electron microscope (JEOL, Tokyo, Japan). The samples for TEM were prepared by placing a drop of primary sample on a copper grid, which was then dried for 6 hours at 80°C in an oven.

FT-IR spectroscopy
------------------

FT-IR spectra were obtained on a PerkinElmer 1000 FT-IR spectrometer. To remove any free biomass residue or unbound extract on the surfaces of the NPs, the Ag NPs were repeatedly washed with distilled water; subsequently the product was centrifuged at 9000 rpm for 30 min and dried. The purified Ag NPs were mixed with KBr powder and pressed into a pellet for measurement. Background correction was made using a reference blank KBr pellet.

Results and discussion
======================

*P. glutinosa* plant extract was used for the synthesis of Ag NPs under facile conditions. It was observed that on the addition of plant extract into the aqueous solution of AgNO~3~, the color of the solution gradually changed from light yellow to dark brown, indicating the formation of Ag NPs ([Figure 2B](#f2-ijn-8-1507){ref-type="fig"}). Under a similar set of conditions, no change in the color of AgNO~3~ solution was observed even after 72 hours ([Figure 2A](#f2-ijn-8-1507){ref-type="fig"}). This color change occurred relatively faster at 90°C (in less than 2 hours) than at RT. This observation is in accordance with previously reported study by Mohan Kumar et al, in which the speed of NP formation has been found to increase as the temperature and incubation period increase.[@b46-ijn-8-1507] The formation of the as-prepared Ag NPs was initially monitored by UV-Vis analysis. Typically, Ag NPs exhibit absorption under a visible range of 380--450 nm, depending on the shape and size of the NPs.[@b51-ijn-8-1507],[@b52-ijn-8-1507]

UV-Vis spectroscopic analysis
-----------------------------

UV-Vis absorption spectroscopy is an important technique to monitor the formation and stability of metal NPs in aqueous solution. The absorption spectrum of metal NPs is sensitive to several factors, including particle size, shape, and particle--particle interaction (agglomeration) with the medium.[@b52-ijn-8-1507] Therefore, the aqueous bioreduction of Ag^+^ ions can be effectively monitored by a UV-Vis spectrophotometer. [Figure 3](#f3-ijn-8-1507){ref-type="fig"} shows the absorption spectra of Ag NPs prepared at different temperatures. The results reveal that the synthesis of Ag NPs using *P. glutinosa* is significantly faster at elevated temperature (90°C) than at RT.

[Figure 4](#f4-ijn-8-1507){ref-type="fig"} displays the UV-Vis spectra of Ag NPs prepared at RT and 90°C, which were recorded at regular intervals of time. At 90°C, it was observed that the nucleation started very quickly and the formation of Ag NPs was very fast until around 60 minutes had passed, which is clearly reflected by the gradual increase in the intensity of the surface plasmon resonance (SPR) bands ([Figure 4A](#f4-ijn-8-1507){ref-type="fig"}). Thereafter, the process slowed down and, after 80 minutes had passed, no further change in the SPR band was observed, which is an indication of the completion of reaction. However, at RT, the nucleation process was very slow from the beginning and the reaction took almost 20 hours to complete ([Figure 4B](#f4-ijn-8-1507){ref-type="fig"}). At both temperatures, the SPR band shapes remain similar. This trend can be attributed to the gradual and slow nucleation of the NPs, due to the slower rate of reaction at lower temperatures ([Figure 4B](#f4-ijn-8-1507){ref-type="fig"}). Further, the lower intensity of the SPR band of Ag NPs formed at RT in [Figure 3A](#f3-ijn-8-1507){ref-type="fig"} indicates a smaller yield of NPs when compared to the yield of Ag NPs formed at 90°C.

Additionally, the effects of the plant extract concentration on the synthesis of Ag NPs were also evaluated using UV-Vis spectroscopy. [Figure 5A](#f5-ijn-8-1507){ref-type="fig"} shows the absorption spectra of Ag NPs prepared using different concentrations of plant extract. All experiments were carried out by varying the concentration of *P. glutinosa* extract, keeping other conditions constant (using 1 mmol AgNO~3~) at 90°C. It was observed that the concentration of the plant extract exerted a significant effect on the size and size distribution of the NPs ([Figure 5A](#f5-ijn-8-1507){ref-type="fig"}). Generally, a broad peak at a higher wavelength indicates an increase in particle size, whereas a narrow line at a shorter wavelength represents smaller particle size.[@b52-ijn-8-1507] In this case, as the concentration of the plant extract was varied from 1 to 5 mL, it was found that the SPR bands were blue shifted from 455 nm to 422 nm, with a simultaneous increase in the absorption coefficient. In contrast, with further increases in concentration, the bands became sharper and shifted to longer wavelengths -- that is, from 422 to 459 nm.

The initial shift toward the shorter wavelength with increasing extract concentration is characteristic of a decrease in particle size, which could be the result of an increase in nucleation due to the enhanced reduction process (like the increased nucleation that occurs in the polyol solution synthesis of metallic NPs). In contrast, further increasing the extract concentration (which also increased the reduction process) resulted in further growth (Ostwald ripening) of the NPs, which gave rise to a red shift of the SPR band (toward a longer wavelength). The sharpness of the absorption band with increasing plant extract concentration was due to the better stabilization of the NPs' surfaces because the plant extract also acts as surface functionalizing ligand. This is also reflected by the color change of the diluted pure Ag NP solution from light to dark brown as the plant extract concentration increased. A comparative study was also carried out to investigate the effects of AgNO~3~ concentration (1.0, 2.5, and 5.0 mmol, respectively) on preparation of Ag NPs. [Figure 5B](#f5-ijn-8-1507){ref-type="fig"} shows the UV-Vis spectra of Ag NPs obtained at various aqueous AgNO~3~ concentrations while the plant extract concentration was kept constant (7.5 mL) at 90°C for 2 hours. It was observed that, as the concentration of AgNO~3~ increased, the SPR band shifted from 447 nm (1 mmol) to 455 nm (5 mmol), indicating a slight increase in particle size.

[Figure 5C](#f5-ijn-8-1507){ref-type="fig"} is a digital photograph of the diluted solutions of pure Ag NPs prepared with different plant extract concentrations. The darker pure Ag NPs solution prepared with 10 mL of extract indicates the presence of plant extract residue in higher amounts as a capping agent to the Ag NPs. Therefore, at a higher concentration of plant extract, less aggregated but larger NPs were formed. It was also observed that, when the concentration of the plant extract was increased, the intensities of the SPR bands also increased, which indicates that there is a higher yield of Ag NPs at higher concentrations ([Figure 5A](#f5-ijn-8-1507){ref-type="fig"}).[@b40-ijn-8-1507]

XRD
---

The crystalline nature of the green synthesized Ag NPs using *P. glutinosa* was confirmed by XRD pattern analysis. The XRD pattern in [Figure 6](#f6-ijn-8-1507){ref-type="fig"} indicates the face-centered cubic structure of the Ag NPs. There are five distinct reflections in the diffractogram at 37.50° (111), 44.13° (200), 63.91° (220), 76.89° (311), and 81.13° (222). The intense reflection at 111, in comparison to the other four, may indicate the growth direction of the nanocrystals.[@b53-ijn-8-1507] On the basis of the half-width (\^) of the 111 reflection in the powder pattern, the average grain size, *L* -- determined by broadening of the 111 reflection by the Scherer formula -- is approximately 42 nm. The absence of any additional reflections other than the reflections belonging to the Ag lattice clearly suggests that the green synthesized Ag NP lattice was unaffected by other molecules in the plant extract.

TEM and energy-dispersive X-ray spectroscopy (EDX) analysis
-----------------------------------------------------------

The morphology and size of the green synthesized Ag NPs were studied by TEM. [Figure 7A](#f7-ijn-8-1507){ref-type="fig"} shows the as-synthesized NPs. [Figure 7B](#f7-ijn-8-1507){ref-type="fig"} and C clearly show the spherical morphology of the NPs, with a size range of 40--60 nm ([Figure 7D](#f7-ijn-8-1507){ref-type="fig"}), in which few NPs were agglomerated. The agglomeration of NPs decreased as the plant extract concentration was increased ([Figure 7C](#f7-ijn-8-1507){ref-type="fig"}), which is also evidenced by the UV-Vis spectroscopy results. Further, the elemental composition of the green synthesized sample was also determined by EDX. The EDX spectrum, shown in [Figure 8](#f8-ijn-8-1507){ref-type="fig"}, reveals the clear elemental composition profile of the green synthesized Ag NPs. The intense signal at 3 keV strongly suggests that Ag was the major element, which has an optical absorption in this range due to the SPR.[@b36-ijn-8-1507] Notably, the other signals in the range of 0.0--0.5 keV -- one of which is very intense -- represent the typical absorption of carbon and oxygen and thus indicates the presence of the plant extract (as a capping ligand) on the surfaces of the NPs.

FT-IR analysis
--------------

The dual role of the plant extract as a bioreductant and capping agent was confirmed by FT-IR analysis of the as-prepared Ag NPs. The sample for the infrared analysis was carefully prepared to exclude any possibility of the presence of any unbound plant extract residue. For this purpose, the as-prepared Ag NPs after final workup were dispersed again in distilled water via 30 minutes of sonication, and subsequently centrifuged at a speed of 9000 rpm for 30 minutes, and this process was repeated twice to isolate the pure Ag NPs and exclude the presence any unbound ligand. [Figure 9](#f9-ijn-8-1507){ref-type="fig"} shows the FT-IR spectra of *P. glutinosa* pure plant extract and purified Ag NPs obtained after the bioreduction.

The similarities between the spectra A and B in [Figure 9](#f9-ijn-8-1507){ref-type="fig"}, with some marginal shifts in peak position, clearly indicate the presence of residual plant extract in the sample as a capping agent to the Ag NPs. Detailed analysis of the plant extract spectra strongly suggested the presence of flavonoids and polyphenols, apart from other phytochemicals, which were mainly responsible for the formation of the Ag NPs by reducing the AgNO~3~. The spectrum of the plant extract shows the absorption peaks at 3746 and 3410 cm^−1^ corresponding to the hydrogen-bonded hydroxyl (OH) and the peak at 2943 cm^−1^ indicates the presence of C--H. The absorption peaks situated around 1753, 1622, and 1407 cm^−1^ are the characteristic peaks for the C--H, C--C, and C--O stretching, respectively, of the aromatics. The bands at 1264 and 1077 cm^−1^ indicate the presence of C--O stretching of alcohols, carboxylic acids, and ester and ether groups. Notably, the absorption band at 1974 and 512 cm^−1^ in the Ag NP spectrum, in addition to peaks present in the plant extract spectrum, represents the Ag NPs' banding with oxygen from the hydroxyl groups in *P. glutinosa* compounds.[@b39-ijn-8-1507] Further, the absorption peak centered at 1729 cm^−1^ points toward the formation of a new C=O group that is either a aldehyde, ketone, or COOH. This strongly suggests that the reduction of Ag was carried out by some hydroxyl groups that get oxidized at the expense of Ag because Ag is reduced.[@b54-ijn-8-1507]

Conclusion
==========

Herein, a green approach to the synthesis of Ag NPs using *P. glutinosa* plant extract has been reported. Applying this method, highly crystalline, spherical-shaped Ag NPs were prepared at ambient conditions without using any harmful reducing or capping agents. The concentration of plant material played a critical role in the size and dispersion of the NPs. Although reduction occurred when the plant extract concentration was low, the NPs prepared using a high concentration of plant extract were less aggregated, indicating that the plant extract acted as a capping ligand, and this was confirmed by FT-IR spectroscopy. Studies on the effect of temperature on the preparation of the NPs showed that the reaction proceeded much faster at an elevated temperature than at RT. Moreover, the size and yield of NPs increased when they were synthesized at 90°C compared with when they were synthesized at RT.

The protocol presented here for the synthesis of Ag NPs can be extended to other metal NPs due to the fact that *P. glutinosa* plant extract is highly oxidized in nature and is very likely to be able to reduce metals under physiological conditions. Moreover, its abundancy and low cost also make *P. glutinosa* plant extract potentially attractive for the up-scaling of metallic nanomaterials to explore various catalytic applications.
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![Schematic illustration of the green synthesis of silver nanoparticles (Ag NPs) using aqueous extract of the *Pulicaria glutinosa* plant.\
**Abbreviations:** Aq soln, aqueous solution; t, time; T, temperature.](ijn-8-1507f1){#f1-ijn-8-1507}

![Digital photograph of the aqueous solutions of (**A**) silver nitrate (AgNO~3~) without addition of the plant extract, (**B**) AgNO~3~ with the addition of the plant extract, and photograph of (**C**) the pure plant extract at a concentration of 0.1 g/mL. Images (**A** and **B**) were recorded after 72 hours.](ijn-8-1507f2){#f2-ijn-8-1507}

![Ultraviolet--visible (UV-Vis) absorption spectra (**A** and **B**) and visual appearance of the silver nanoparticle (Ag NP) solution (**C**). (**A**) Comparison between UV-Vis spectra of Ag NPs prepared at room temperature (RT) and at 90°C. (**B**) Plot of the absorption wavelength of Ag NPs at different temperatures. (**C**) Color change of the solution at 90°C. The samples shown in (**C**) were obtained during the reaction and photographs recorded before final workup.](ijn-8-1507f3){#f3-ijn-8-1507}

![Ultraviolet--visible absorption spectra of silver nanoparticles (Ag NPs) prepared at (**A**) 90°C using 1 mmol of silver nitrate and 7.5 mL of plant extract and (**B**) at room temperature using 1 mmol of silver nitrate and 7.5 mL of plant extract.\
**Note:** All spectra were obtained by taking 1 mL of the sample at regular intervals and further diluting it with 9 mL of water then sonicating for 15 minutes.](ijn-8-1507f4){#f4-ijn-8-1507}

![Ultraviolet--visible absorption spectra of silver nanoparticles (Ag NPs) prepared at 90°C for 2 hours using (**A**) various concentrations of plant extract and keeping the amount of silver nitrate (AgNO~3~) constant at 1 mmol and (**B**) various concentrations of AgNO~3~ and keeping the amount of plant extract constant at 7.5 mL. (**C**) The diluted solutions of pure Ag NPs (obtained after final workup).\
**Note:** All spectra were measured using same solution concentrations.](ijn-8-1507f5){#f5-ijn-8-1507}

![X-ray powder diffraction pattern of the green synthesized silver nanoparticles.](ijn-8-1507f6){#f6-ijn-8-1507}

![(**A**--**C**) Transmission electron microscope images of the green synthesized silver nanoparticles (Ag NPsat different scales. (**D**) Overview of the size range and distribution of the Ag NPs.\
**Note:** With increasing concentration, less agglomeration was observed.](ijn-8-1507f7){#f7-ijn-8-1507}

![Energy-dispersive X-ray spectrum of green synthesized silver nanoparticles.](ijn-8-1507f8){#f8-ijn-8-1507}

![Fourier-transform infrared spectra of pure green synthesized silver nanoparticles (Ag NPs) (line a) and *Pulicaria glutinosa* plant extract (line b).\
**Note:** The similarities between the spectra strongly suggest the presence of plant extract residue in the Ag NPs as a capping or stabilizing agent.](ijn-8-1507f9){#f9-ijn-8-1507}
